Left ventricular diastolic filling is impaired in many patients with coronary artery disease and normal left ventricular systolic function, and is improved in many patients after coronary angioplasty (PTCA). To investigate the mechanisms for this improvement, we studied regional asynchrony by radionuclide angiography in 26 patients with single-vessel coronary artery disease before and after successful PTCA. Before PTCA, all patients had normal ejection fractions at rest and normal qualitative left ventricular regional wall motion, as determined by radionuclide and contrast angiography. Quantitative left ventricular regional function was assessed by dividing the left ventricular region of interest into 20 sectors. Phase analysis was performed on each sector's time-activity curve, and the average intersector phase difference was used as an index of left ventricular regional synchrony. Before PTCA, average intersector phase difference was increased compared with normal (6.0 ± 2.2 vs 4.0 + 1.7 degrees, p < .005), indicating asynchronous regional function. After PTCA, ejection fraction at rest was unchanged, but peak left ventricular filling rate at rest increased from 2.5 ± 0.6 to 3.0 ± 0.6 end-diastolic volume/sec (p < .001) and was associated with a decrease in average intersector phase difference from 6.0 + 2.2 to 5.1 + 2.3 degrees (p < .05). Average intersector phase difference decreased in 16 of 21 patients in whom peak filling rate increased after PTCA (p < .005), compared with one of five patients in whom peak filling rate was unchanged or decreased. Hence, improved global left ventricular filling after PTCA was associated with more synchronous left ventricular regional behavior. To identify the cause of regional asynchrony before PTCA, we then generated timeactivity curves from each of four left ventricular quadrants. These data indicated that the asynchrony was caused by regional variation in timing of diastolic rather than systolic events and that PTCA resulted in reduction in regional diastolic asynchrony. These data suggest that in many patients with coronary artery disease and normal left ventricular systolic function, impaired global diastolic filling may result from asynchronous left ventricular regional diastolic function, which is a reversible manifestation of myocardial ischemia or reduced coronary flow. Circulation 71, No. 2, 297-307, 1985. DIASTOLIC FILLING of the left ventricle is impaired under resting conditions in many patients with coronary artery disease, including many patients in whom there is no evidence of previous myocardial infarction and in whom left ventricular global and regional left ventricular systolic function is normal.'-' In such patients with stenosis of a single coronary artery, abnormal indexes of left ventricular diastolic filling at rest
improve after successful percutaneous transluminal coronary angioplasty (PTCA), suggesting that impaired diastolic filling at rest may be a reversible manifestation of regional myocardial ischemia or reduced regional coronary flow. 8 It is possible that in patients with coronary artery disease regional differences in myocardial blood flow result in regional alterations in either the magnitude or the temporal synchrony of contraction or relaxation and that regional asynchrony contributes to impaired global ventricular filling. 1 2 7, 9-12 If this is the case, improved global diastol-the current study we used radionuclide angiography to investigate the relationship between regional left ventricular asynchrony and global diastolic filling and the effect of PTCA in patients with single-vessel coronary artery disease.
Methods
Patient selection. We studied 26 consecutive patients with coronary artery disease who were undergoing PTCA and fulfilled the following selection criteria: (1) single-vessel coronary artery disease (greater than 50% reduction in luminal diameter) without other cardiac disease, (2) no evidence of previous myocardial infarction (Q waves) on electrocardiographic (ECG) examination, (3) no evidence of left ventricular hypertrophy as determined by ECG or M mode echocardiography, (4) normal qualitative left ventricular regional wall motion at rest as determined by both contrast and radionuclide ventriculography, and (5) normal left ventricular ejection fraction at rest as determined by radionuclide angiography. Two other entry requirements were (6) all of the patients had undergone radionuclide angiography before and after PTCA while they were free from cardiac medications and (7) in all PTCA resulted in 40% or greater reduction in the degree of coronary artery stenosis. Twenty-two patients had stenosis of the left anterior descending coronary artery, and four patients had stenosis of a dominant right coronary artery. The patients ranged in age from 33 to 64 years (mean 51); there were 21 men and six women. Twenty-five of the patients formed the basis of a previous report on the effects of PTCA on global left ventricular diastolic filling. 8 In 18 patients, radionuclide studies were performed within 2 days before PTCA and repeated 2 days after PTCA. In the other eight patients, these studies were performed within 10 days before and repeated between 1 week and 1 month after PTCA. Radionuclide angiography was performed at least 24 hr after cessation of dosing with propranolol, 8 hr after cessation of therapy with nitrate preparations, and 48 hr after cessation of dosing with calcium-channel blocking drugs. PTCA was performed according to the procedure originally described by Gruentzig et al. 13 We also obtained radionuclide angiographic data from 28 asymptomatic normal individuals without any evidence of cardiovascular disease on the basis of history, blood pressure, physical examination, the ECG, and chest x-ray. This group included nine normal volunteers and 19 asymptomatic patients referred for radionuclide angiography before undergoing chemotherapy for soft tissue sarcoma. The 19 sarcoma patients underwent supine exercise testing, and all were able to achieve at least a 40 beat/min increase in heart rate without symptoms or ST segment abnormalities. These 28 subjects ranged in age from 31 to 60 years (mean 46) and served as an age-matched normal control gr(,up for the patients with coronary artery disease.
Gated blood pool cardiac scintigraphy. Radionuclide angiography was performed with patients in the supine position with red blood cells labeled in vivo with 15 to 20 mCi of 99mTc and a conventional Anger camera equipped with a high-sensitivity, parallel-hole collimator oriented in a modified left anterior oblique position. A total of 7.5 to 10.5 million counts was acquired for each study. High temporal resolution (10 to 20 msec/frame) cardiac image sequences were constructed by computer-based ECG gating, with the use of list-mode data acquisition with exclusion of extrasystolic and postextrasystolic cycles and combined forward and reverse gating from the R wave. 3 14 Left ventricular time-activity curves representing relative changes in left ventricular volume during the cardiac cycle were generated from the cardiac image sequence after background correction with a fixed left ventricular region of interest. Unlike our previous analytic method in which the left ventricular region of interest was drawn on the end-diastolic and stroke volume images, the region of interest in this study was drawn on an amplitude image constructed after filtering of the data with the first harmonic of the temporal Fourier expansion of single-pixel time-activity curves. '5 This was done to ensure that all left ventricular counts were included in the region of interest for subsequent regional analysis. Although this results in a consistently larger region of interest than our previous method, the amplitude image clearly defines the separation between left ventricle and left atrium so that, as in our previous method, the left atrium can be excluded from analysis. After the region of interest was identified in this manner, the time-activity curve was constructed from the raw image sequence without spatial or temporal smoothing processes.
Left ventricular ejection fraction was derived by computer analysis of the time-activity curve. Peak left ventricular ejection and filling rates were determined by fitting third-order polynomial functions to the systolic ejection and rapid diastolic filling portions of the time-activity curve by a least squares technique. 3 8 In these resting studies, the rapid diastolic filling period could be differentiated from atrial systole. Both peak ejection rate and peak filling rate were computed in left ventricular counts per second, normalized for the number of counts at enddiastole, and expressed as fractional end-diastolic counts (or end-diastolic volume) per second (EDV/sec). The time of occurrence of the peak ejection or peak filling rate was obtained by setting the second derivative of the polynomial function to zero. Time to peak ejection rate was measured from the R wave and time to peak filling rate was measured relative to end-systole (minimum volume on the time-activity curve).
Normalization of peak filling rate by end-diastolic volume may create uncertainties in comparisons of patient groups or changes within patient groups if actual end-diastolic volume is not known. 16 17 Although these uncertainties are most serious in patients with left ventricular dysfunction and are minimized in patients with normal ejection fractions,'6 the effects of differences in end-diastolic volumes in our patients could not be measured. We therefore also normalized the peak filling rate for stroke counts (SV/sec) and calculated the ratio of filling rate to ejection rate.'6 Both of these methods have the advantage of being background independent.
In addition to these indexes describing global left ventricular function, we also analyzed relative regional left ventricular synchrony by sector analysis. This was accomplished first by 20-sector analysis and then by quadrant (four-sector) analysis.
Sector analysis. Each left ventricular region of interest was divided into 20 annular sectors as previously described,'8 each emanating from the diastolic left ventricular center of gravity. All 20 sectors were of equal arc (18 degrees) and were constructed beginning at three o'clock and proceeding counterclockwise ( figure 1 ). If an individual pixel comprising the region of interest was bisected by the boundary between two sectors, the sectoring algorithm apportioned the counts of that pixel into each sector according to the relative subareas of the pixel subtended by the two sectors.'8 The inner one-third of each sector was then excluded, yielding annular sectors comprising the outer two-thirds of the left ventricle. From these fixed regions, sectorial time-activity curves were generated, representing the change in the number of counts within each sector during the average cardiac cycle. To evaluate relative regional asynchrony, the phase angle of each sector was computed in degrees'5 18 from the first harmonic Fourier expansion of the sector time-activity curve. This is equivalent to describing the data by a cosine function with period equal to the cardiac Apex s H-Z TIME cycle length. The variation in phase among sectors was used as a measure of relative regional asynchrony. We devised two methods to quantitate the degree of regional asynchrony. The phase of each sector was plotted as a function of sector number (as shown in figure 2 for a patient with isolated stenosis of the left anterior descending artery), where sectors I through 20 represent, in sequence, the mid-lateral wall, left ventricular base, septum, apex, and apical portion of the lateral wall. The mean and SD of the 20-sector phase values were computed and the magnitude of the SD about the mean was used as a quantitative measure of the variation of the phase among sectors (figure 2, top). The sector phase plot was also fitted to a cosine function, and the amplitude of this cosine function was used to indicate the variation in phase among sectors (figure 2, bottom). This "amplitude of sector phase" was used to emphasize the regional information inherent in these data, such that the amplitude was higher if the variation in phase among sectors occurred on a regional rather than a random basis. 18 For example, in the patient whose data are illustrated in figure 2, the septum and apex in the distribution of the stenosed left anterior descending artery have greater phase values than does the lateral wall. Both the SD and amplitude of sector phase (expressed in degrees) were used as quantitative measures of regional asynchrony for comparison among patients.
Although analysis of the sector phase data provided a measure of regional temporal heterogeneity, full interpretation of the sector data was limited by the nonspecific nature of the phase measurement, which is influenced by both the systolic and the diastolic portions of the time-activity curve. i Hence, regional asynchrony, manifested by variation in phase among sectors, could represent regional systolic asynchrony, diastolic asynchrony, or both. To evaluate regional systolic asynchrony, each sector time-activity curve was described by a two-harmonic Fourier expansion. The nadir of this curve was used to app roximate the time to minimum volume (measured from the R wave) of each sector. The variation in time to minimum volume among sectors was assessed with the same two methods used to assess variation in phase: time to minimum volume was plotted as a function of sector number and the SD and "amplitude" were computed as shown in figure 2.
Quadrant analysis. Computation of more specific temporal indexes from the 20 sector time-activity curves, such as time to peak ejection rate or time to peak filling rate, was not possible 299 because the precision of measurement was limited due to counting fluctuations in each sector curve, resulting in large errors in the measurement of these specific intervals. To improve the precision and reduce the errors in these specific regional temporal measurements, we created quadrants by combining the 20 sectors into four quadrants of five sectors each. For example, sectors 1 to 5 were combined to form quadrant 1, sectors 6 to 10 were combined to form quadrant 2, and so forth. Regional timeactivity curves were then generated from each quadrant. These quadrant curves were then fit to a Fourier expansion with the use of three harmonics to minimize errors resulting from both fitting and counting statistics.20 From each curve, the time to peak ejection rate (maximum slope of the ejection phase), time to minimum volume (nadir of the curve), and time to peak filling rate (maximum slope of the rapid filling phase) were computed. The time to peak ejection rate and time to minimum volume were measured from the R wave, whereas the time to peak filling rate, as in the global volume curve, was expressed relative to each quadrant's time to minimum volume. To assess the regional variation in time to peak filling rate as a measure of diastolic synchrony, the absolute value of the difference between the global value and the value for each of the four quadrants was calculated, and these four differences were then averaged. Similar calculations were performed for time to peak ejection rate and time to minimum volume as indexes of systolic synchrony. Reproducibility of regional measurements. Reproducibility of the sector and quadrant data describing left ventricular regional asynchrony was determined in 41 patients with angiographically proven coronary artery disease (>50% stenosis of at   TABLE 1 least one major coronary artery). Two radionuclide data collections, separated by 20 to 30 min, were obtained in patients at rest. All studies were performed at least 24 hr after cessation of therapy with propranolol or calcium-channel blocking drugs and at least 6 hr after dosing with nitrate preparations was stopped. Reproducibility of the indexes describing global left ventricular systolic function and diastolic filling in these 41 patients has been described previously. 8 Statistical analysis. Comparison between normal subjects and the patients with coronary artery disease was performed with the t test for unpaired data. The relationship between global indexes of diastolic filling and the regional indexes of asynchrony were analyzed by linear regression analysis. Changes from before to after PTCA were analyzed with the t test for paired data.
Results
Global Data are mean ± SD. CAD = coronary artery disease; EDV = end-diastolic volume; LV = left ventricular; PFR/PER = peak filling rate/peak ejection rate ratio; SV = stroke volume.
Statistical difference compared with normal subjects: Ap < .005; Bp < .001. Normal CAD FIGURE 3 . Comparison among 28 normal subjects and 26 patients with coronary artery disease before PTCA. Left ventricular (LV) global peak filling rate, regional sector data (standard deviation and amplitude of sector phase). and quadrant data (variation in time to peak filling rate) are shown. Open symbols with bars indicate mean values.
from the normal values (table 1). However, peak diastolic filling rate ranged from 1. 1 to 3.9 EDV/sec before PTCA and was reduced significantly compared with normal (table 1, figure 3 ). Time to peak filling rate ranged from 130 to 206 msec and was prolonged compared with normal. After PTCA, mean heart rate, left ventricular ejection fraction, and peak ejection rate were unchanged compared to pre-PTCA values, but peak filling rate increased significantly, as previously described,8 from 2.5 0.6 to 3.0 0.6 EDV/sec, and time to peak filling rate decreased from 178 30 to 162 + 20 msec (table 1). Peak filling rate increased in 21 patients after PTCA and was unchanged or decreased in five patients. Since changes in heart rate in individual patients might influence the observed changes in peak filling rate after PTCA, a separate analysis was repeated for the 13 patients in whom the heart rate after PTCA was within 5 beats/min of the pre-PTCA value. In these patients, peak diastolic filling rate increased from 2.3 + 0.8 EDV/sec before PTCA to 3.0 ± 0.5 EDV/sec after PTCA (p < .005). Two examples of improved global left ventricular diastolic filling after PTCA are presented in figure 4. Improved global diastolic filling after PTCA was also observed when peak filling rate was normalized to stroke volume or expressed relative to peak ejection rate (table 1). Of the 21 patients in whom peak filling rate (expressed in EDV/sec) increased after PTCA, 19 manifested an increase in both the peak filling rate normalized to stroke volume and the filling rate/ejection rate ratio. However, of the five patients with no change or a decrease in peak filling rate (in EDV/sec) after PTCA, peak filling rate normalized by stroke volume decreased in four patients and the filling rate/ ejection rate ratio decreased in all five. degrees) and amplitude of sector phase from 1.2 to 8.4 degrees (mean 4.0 + 1.7 degrees), with a correlation between these two indexes of r = .68 (SD = 0. 89). In contrast, before PTCA the patients with coronary artery disease had higher values for standard deviation of sector phase (range 4.1 to 9.4 degrees) and amplitude of sector phase (range 1 .2 to 1 1. 1 degrees) than did the normal subjects (table 1, figure 3 ), indicating more asynchronous regional left ventricular function. The correlation between standard deviation and amplitude of sector phase in these patients was good (r = .76, SD 0.99). The degree of regional asynchrony (as estimated by standard deviation of sector phase) correlated inversely with global peak filling rate (r = -.62, SD = 1.2), as shown in figure 5 , with greater asynchrony associated with reduced peak filling rate. An example of left ventricular regional asynchrony in a patient with coronary artery disease compared with that in a normal subject matched for age and heart rate is shown in figure 6 . Despite significant differences between the patients with coronary artery disease and normal subjects, there was considerable overlap between the two groups, and many patients had normal values for standar 3). for age, heart rate (HR), and global ejection fraction (EF). Global peak filling rate (PFR) was reduced in the patient with CAD compared with that in the normal subject, associated with greater asynchrony of sector phase: both standard deviation (SD) and amplitude (Ampl) of sector phase (measured in degrees) were increased compared with normal.
d deviation and amplitude of sector phase (figure normal (table 1). This reduction in asynchrony was In examining the sector phase plots, there was observed primarily in the 21 patients in whom global dence of regional asynchrony in 16 of 26 patients, peak filling rate increased after PTCA (table 2) : both h the sectors with greatest asynergy (largest phase standard deviation and amplitude of sector phase de-,le) corresponding to the septum and apex (as in creased in 15 of these patients. In contrast, neither tres 2 and 6). variable changed in patients in whom global peak fillkfter PTCA, both standard deviation and amplitude ing rate was unchanged or decreased after PTCA (table  ;ector phase decreased significantly compared with 2), with only one of five patients in this group maniore PTCA and were not significantly different from festing a decrease in these indexes of asynchrony.
Since phase values, and the relative differences in 4 -phase among sectors, might be influenced in individual patients by changes in heart rate from before to after PTCA, the analysis of the sector data was repeat-3 -ed in the subgroup of 13 patients in whom heart rate 0 * _* changed after PTCA by 5 beats/min or less (table 2). In these patients in whom heart rate effects were mini-2 _ f * \ mized, PTCA reduced both indexes of regional asynchrony, and this was especially so in the 11 figure 7 for the same patients PHASE (degrees) whose global volume curves are shown in figure 4. JRE 5. Global left ventricular (LV) peak filling rate plotted as a
To determine whether the reduction in regional :ion of severity of regional asynchrony (standard deviation of sector asynchrony based on phase measurements represented an improvement in systolic asynchrony, we assessed the variation in time to minimum volume among sectors. Before PTCA in the patients with coronary artery disease neither the standard deviation nor the amplitude of sector time to minimum volume was different from normal, and neither changed significantly after PTCA (table 1) . This result was not changed when data from the subgroup of patients with minimal change in heart rate were analyzed (table 2) . Left ventricular regional function: quadrant analysis.
The interquadrant variation in the specific time intervals of ejection and filling was small in the normal subjects, indicating homogeneous regional function. The regional variation in time to peak ejection rate ranged from 6 to 25 msec (mean 13 + 4), the variation in time to minimum volume from 0 to 21 msec (mean 10 + 6), and the variation in time to peak filling rate from 4 to 26 msec (mean 12 + 6). In the patients with coronary artery disease, the regional variation in time to peak ejection rate (range 4 to 35 msec) and in time to minimum volume (range 0 to 30 msec) were not different from those in the normal subjects (table 1) , suggesting regional homogeneity of systolic function.
However, the regional variation in time to peak filling Ep < .001. rate (range 6 to 41 msec) was significantly greater than normal (table 1, figure 3) , indicating that the basis for the regional asynchrony demonstrated by the sector data was nonuniformity of left ventricular relaxation and filling. After PTCA, the regional variation in time to peak ejection rate and time to minimum volume was unchanged, but the regional variation in time to peak filling rate was reduced significantly (table 1) in association with the reduction in asynchrony in sector phase, the decrease in global time to peak filling rate, and the increase in global peak filling rate. As in the sector data, the reduction in temporal variation in diastolic filling was observed primarily in patients in whom global peak filling rate increased after PTCA (table 2) : this index of regional diastolic asynchrony decreased in 16 of 21 patients in whom global peak filling rate increased, compared with two of five patients in whom peak filling rate was unchanged or decreased. The improvement in regional variation in timing of diastolic filling persisted when only data from those patients in whom heart rate changed 5 beats/min or less after PTCA were analyzed (table 2 ). An example of more homogeneous timing of diastol- . Plots of sector phase values before and after PTCA for the same patients whose global volume curves are shown in figure 4 . Heart rate (HR) and ejection fraction (EF) were unchanged. Increased global peak filling rate (shown in figure 4 ) was associated with reduction in asynchrony, with lower values of both standard deviation (SD) and amplitude of sector phase (in degrees).
ic filling among quadrants after PTCA is shown in figure 8 . Reproducibility of regional measurements. In the 41 patients with coronary artery disease who were studied twice to determine reproducibility of the regional measurements, none of the variables describing sector or quadrant asynchrony changed significantly between studies (table 3) . With regard to the three indexes of asynchrony that were influenced by PTCA, the variability (expressed as mean change SD) of standard deviation of sector phase was 0.1 + 1.3 degrees, while that of amplitude of sector phase was -0. 1 1.6 degrees, and that of variation of time to peak filling rate was 0 + 12 msec. Despite the statistically significant decrease in asynchrony after PTCA for the entire patient group, PTCA resulted in only marginal improvement in the variables of asynchrony relative to these confidence limits (table 1) . However, in patients in whom heart rate was unchanged after PTCA and in patients experiencing an increase in global peak filling 304 rate after PTCA with no change in heart rate, the decrease in the indexes of asynchrony was greater than these confidence limits (table 2) .
Discussion
Several studies indicate that rapid diastolic filling of the left ventricle is abnormal under resting conditions in many patients with coronary artery disease who do not manifest evidence of previous myocardial infarction or acute myocardial ischemia and who have otherwise normal left ventricular function (normal global systolic function determined by ejection fraction and normal regional function assessed subjectively).3-7 Impaired global rapid diastolic filling in such patients, manifested by reduced peak filling rate and prolonged time to peak filling rate, is not irreversible, but improves after restoration of myocardial blood flow resulting from successful PTCA.5 This suggests that reduced rate of rapid diastolic filling or prolongation of the rapid filling phase in some patients may reflect dynamic changes in left ventricular relaxation rather than fixed alterations in left ventricular distensibility. Our current data indicate that the severity of impairment of global rapid diastolic filling is related to the magnitude of regional left ventricular asynchrony (figure 5), and that improved diastolic filling after restoration of coronary flow is related to a decrease in the degree of asynchronous left ventricular function (figure 7, tables 1 and 2). All but four of our patients-had stenosis of the left anterior descending coronary artery, and in patients in whom regional asynchrony was evident on visual inspection of the sector phase plot, the sectors with greatest asynergy (largest phase angle) were confined to the septum and apex (figures 2, 6, and 7). This may indicate the ability to identify regions of ischemic or potentially ischemic myocardium in patients with coronary artery disease by regional analysis, or may represent a nonspecific finding. Further studies with a broader patient population will be necessary to resolve this issue.
In this study, we assessed regional dyssynchrony by determining the phase angle (obtained from the first harmonic of the Fourier series'5) in each of 20 sectors and then computing the variation in phase among sectors as a quantitative index of asynchrony. 1' However, previous data indicate that the phase angle computed from a global or a regional left ventricular volume curve is a nonspecific marker of the symmetry of the volume curve rather than a precise measure of the timing of specific systolic or diastolic events.7 Thus, left ventricular regional asynchrony measured by variation in regional phase values alone might represent Homogeneous values of TMV indicate relative regional systolic synchrony. However, the variation among quadrants in TPFR before PTCA indicates considerable diastolic asynchrony, which was reduced after PTCA. This is associated with a decrease in global time to peak filling rate after PTCA (from 174 to 132 msec) and an increase in global peak filling rate (from 1.5 to 2.7 EDV/sec).
evidence of either regional systolic asynchrony, regional diastolic asynchrony, or both. For this reason we also computed the variation in time to end-systole (minimum volume) among sectors as well as indexes of systolic asynchrony and diastolic asynchrony obtained by regional quadrant analysis. Both the sector and quadrant analyses demonstrated a normal degree of regional systolic homogeneity but significant diastolic heterogeneity. These data indicate that the asynchrony in regional left ventricular function, and hence the impairment in global diastolic filling, is related to regional variation in the timing of left ventricu- lar relaxation and filling in our patients. The variation in time to peak filling rate among quadrants was greater than normal in the patients with coronary artery disease before PTCA, whereas the variation in timing of systolic events among sectors or among quadrants was not. This probably reflects the fact that we selected only patients who had no qualitative regional wall motion abnormalities as determined by inspection of contrast and radionuclide ventriculograms, since other investigators have also reported normal systolic synchrony in patients without regional wall motion abnormalities.7 21 Moreover, the reduction in dyssynchrony after PTCA was associated with a decrease in the regional variation in time to peak filling rate among quadrants but with no change in the regional variation in systolic timing. Our results have several implications. First, they confirm previous indications that regional variations in phase values throughout the left ventricle are neither a specific measure of the activation sequence nor a specific marker for regional asynchrony of contraction. '9 In some instances, such as in patients with left ventricular conduction disturbances or with regional wall motion abnormalities evident by subjective evalua-tion1,2' 23 variation in phase may indicate asynchrony in contraction, but this is not uniformly the case. In the absence of these abnormalities, variation in phase may represent regional diastolic asynchrony.
Second, in patients with coronary artery disease and normal regional and global systolic function, regional asynchrony in relaxation and diastolic filling is associated with impaired global diastolic filling. This finding supports previous observations of diastolic asynchrony in the presence of normal systolic function and reduced global ventricular filling in patients with coronary artery disease.6 7 Yamagishi et al.7 also demonstrated an inverse relationship between the degree of diastolic asynchrony and the magnitude of global peak filling rate in patients with isolated stenosis of the left anterior descending coronary artery.
Finally, our data indicate that these abnormalities may be reversible and that the reduction in diastolic nonuniformity after PTCA is associated with an improvement in the rate and timing of global rapid diastolic filling without a measureable change in systolic function. There are several possibile mechanisms for this effect. Numerous experimental studies have demonstrated that during the early phase of acute myocardial ischemia, dysfunction in ischemic segments and subsequent regional asynchrony between normal and ischemic segments result in prolonged or incomplete relaxation of the global left ventricle before global systolic function is affected.24 26 These effects occur even with partial coronary occlusion with less than 50% reduction in coronary flow.24 In these short-term studies, ischemia depressed and prolonged regional systolic function, resulting in severe systolic dyssynchrony, prolonged tension development in ischemic regions, and impaired global relaxation.25 26In our patients, however, systolic asynchrony at rest could not be detected. This suggests either that subtle abnormalities in regional systolic function were present but could not be identified with our methods or that the degree of ischemia, if present in patients at rest, was sufficiently mild as to affect only regional relaxation. In this regard, the energy-dependent mechanisms responsible for relaxation are more sensitive to low levels of ischemia than are those responsible for contraction.27' 25 An alternative explanation of our findings may relate to the mechanical effect of early diastolic coronary flow on the rate of regional left ventricular relaxation29: reduced rate of blood flow to a region supplied by a stenotic coronary artery may impede relaxation and prolong tension relative to normally perfused regions, thereby establishing diastolic asynchrony. Thus, delayed or incomplete regional relaxation may arise from inactivation-dependent or load-dependent mechanisms,29 each of which might contribute to incoordinant global relaxation with subsequent impairment of global rapid diastolic filling, and each of which might be reversed by PTCA. Our data support this concept and indicate that in many patients with coronary artery disease and normal systolic function, impaired global left ventricular diastolic filling is caused by asynchronous regional diastolic function, which is a reversible manifestation of myocardial ischemia or reduced coronary blood flow.
